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A B S T R A C T
Wear and high temperature oxidation resistance of some titanium-based alloys needs to be enhanced, and this can be
effectively accomplished by surface treatment. Molybdenizing is a surface treatment where molybdenum is introduced
into the surface of titanium alloys causing the formation of wear-resistant surface layers containing molybdenum, while
aluminizing of titanium-based alloys has been reported to improve their high temperature oxidation properties. Whereas
pack cementation and other surface modification methods have been used for molybdenizing or aluminizing of wrought
and/or cast pure titanium and titanium alloys, such surface treatments have not been reported on titanium alloys pro-
duced by powder metallurgy (PM). Also a critical understanding of the process parameters for simultaneous one step
molybdeno-aluminizing of titanium alloys by pack cementation and the predominant mechanism for this process have
not been reported. The current research work describes the surface modification of titanium and Ti-6Al-4V prepared by
PM by molybdeno-aluminizing and analyzes thermodynamic aspects of the deposition process. Similar coatings are also
deposited to wrought Ti-6Al-4V and compared. Characterization of the coatings was carried out using scanning electron
microscopy and x-ray diffraction. For both titanium and Ti-6Al-4V, the use of a powder pack containing ammonium
chloride as activator leads to the deposition of molybdenum and aluminium into the surface but also introduces nitrogen
causing the formation of a thin titanium nitride layer. In addition, various titanium aluminides and mixed titanium alu-
minium nitrides are formed. The appropriate conditions for molybdeno-aluminizing as well as the phases expected to be
formed were successfully determined by thermodynamic equilibrium calculations.
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1. Introduction
Titanium alloys are used in the aerospace, automotive, power gen-
eration, chemical, marine, biomedical and sports industries, due to
their excellent combination of mechanical properties with low density
and corrosion resistance. A limitation for the wider use of titanium al-
loys in engineering applications is their poor wear behavior and resis-
tance to high temperature oxidation. Surface modification seems to be
an effective way to improve these properties of titanium alloys.
Molybdenizing or aluminizing are surface treatments in which
molybdenum or aluminium, respectively, are deposited into the sur-
face of alloys in order to improve their environmental resistance. Both
molybdenum and aluminum are important alloying elements of tita-
nium alloys. With the addition of molybdenum, the mechanical prop-
erties, oxidation and corrosion resistance of titanium alloys can be im-
proved [1,2]. Improvements in the corrosion and wear resistance of ti-
tanium has been achieved by using single Mo or multi-element Mo,
Y, Ti, Ni and N implantation [3]. The tribological behavior of ther-
mal [4] and plasma sprayed [5], laser cladded [6], and electro-ther-
mal explosion directional sprayed (ETEDS) [7] molybdenum coat-
ings has also been studied. In this last case of ETEDS the coatings
exhibited a compact microstructure, high wear resistance and high
bonding strength. Double glow plasma surface alloying (DGPA) tech-
nique has been applied to prepare Mo and Mo N modified layers
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on titanium alloys, which show high surface hardness and good tri-
bological behavior [8,9]. The molybdenizing layer is composed of a
deposited sub-layer of about 12 μm thick and a diffusing sub-layer
of about 15 μm thick [10]. The wear resistance of the molybdenized
Ti-6Al-4V was significantly improved due to the much higher sur-
face hardness compared to the substrate, which reaches values of 1171
HV0.1. Evaluation of the tribological behavior of the molybdenized
layer at room temperature and at 500°C showed a decrease in wear rate
of the Ti-6Al-4V alloy after molybdenizing in both cases. A greater
reduction of the friction coefficient and wear rate of the molybdenized
layer was observed at 500°C as a result of the good self-lubricating
properties of Mo at higher temperatures compared to room tempera-
tures [11].
Surface modification of Ti-6Al-4V alloy with Mo-N by DGPA
method caused the formation of an outmost layer of Mo2N which
showed better friction and wear behavior during sliding against corun-
dum balls in Hanks' solution than that of untreated Ti-6Al-4V alloy
[12]. Also this type of Mo-N surface modified layer on Ti-6Al-4V al-
loy by DGPA method had better chemical corrosion performance in
boiling 37% HCl solution as compared with that of Ti-6Al-4V alloy
[13].
An interesting development concerns the burn resistance of
Ti-6Al-4V alloy. A binary Ti-Mo burn-resistant surface layer was de-
posited on Ti-6Al-4V alloy by DGPA. The alloying element concen-
tration in the surface layer reached 59% and a depth of 100 microns of
burn resistant alloy was achieved. A higher ignition temperature was
revealed for the Mo alloyed layer compared to the ignition tempera-
ture of the unalloyed Ti-6Al-4V alloy [14].
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Pack cementation is a well-known coating deposition method that al-
lows formation of coatings in materials with different geometries in a
low-cost and flexible manner. The coating is created by submerging the
substrate in a powder mixture consisting of the metal to be deposited
(metal donor), a halide activator and an inert filler. This powder mixture
is placed in a sealed or semi-sealed vessel which is heated to the depo-
sition temperature (700-1150°C) in a protective atmosphere for a speci-
fied period of time. When the deposition temperature is reached a reac-
tion-diffusion process occurs that entails the reaction of the metal donor
with the halide activator and the generation of halide vapors in-situ. The
halide vapors, in turn, react at the substrate surface and decompose into
the metallic element which forms the diffusion coating. Coating char-
acteristics are dependent upon the composition of the powder mixture,
the substrate, as well as deposition temperature and time. Adjusting and
optimizing these factors, tailor-made coating properties can be achieved
[15 18,19].
Both pure titanium and titanium-based alloys have been molybd-
enized or aluminized using this method in order to improve their wear
and high temperature oxidation performance. Molybdenizing of tita-
nium and or titanium alloys by pack cementation has been reported
[20,21] using a pack cementation process in the temperature range
800-1100oC. The coating is made up of a deposited layer and a diffusion
layer, with phase composition consisting of Mo → β → α″→α′ mov-
ing inwards from the surface, corresponding to different molybdenum
contents. Gradual decrease of microhardness values from the deposition
layer towards the substrate were observed due the different hardness
levels of β, α″ and α′ phases. Microhardness values about four times
higher than that of the untreated titanium substrate were achieved for
both the deposition and the diffusion layers [22].
Pure Ti, Ti based alloys and Ti intermetallics have been aluminized
in order to improve their high temperature oxidation properties us-
ing various methods (laser surface alloying [23], magnetron sputtering
[24], thermal spray [25]); however, the two most common methods
used for Ti aluminizing are pack cementation aluminizing [26 29] and
hot dip aluminizing [30 34].
Using the pack cementation method the coating is formed as a result
of diffusion of Al contained in the powder pack. Various works [26 28]
concluded that pack aluminizing of Ti-based alloys produces a TiAl3
coating layer. This layer, when exposed to oxidation in air at high tem-
perature forms a continuous Al2O3 scale on the surface that provides ex-
cellent oxidation resistance up to 800 °C [26,27]. The oxide layers acts
as a barrier to the diffusion of oxygen into the substrate and is more
protective than a mixture of Al2O3/TiO2 scale [35]. Pt-modified alu-
minide coating formed by pack aluminizing shows superior oxidation
resistance over plain aluminide coating on titanium IMI-834 alloy in air
in the temperature range 650 800 ºC [35 38]. In a another study the
oxidation behavior of aluminide coating on Ti 6Al 4V alloy changed
when Y2O3 was used instead of Al2O3 as inter filler in the pack, being
about 5 times faster in the initial 10h [29]. Furthermore, the addition of
a small amount of Nb or Cr in the Ti alloy has also been reported to im-
prove the oxidation resistance, by changing the crystal structure of Al3Ti
from low symmetry DO22 to high symmetry LI2 [39].
The hot-dip aluminizing process consists essentially of immersion
of titanium/titanium alloy in a bath of molten aluminum or aluminum
alloy bath for a certain time, followed by diffusion annealing [34,40].
During the reaction of liquid Al and solid Ti the only product formed
is TiAl3 due to its lower free energy of formation among the Ti-alu-
minides [40]. TiAl3 obtained by hot-dip aluminizing followed by in-
terdiffusion heat treatment exhibited a lower oxidation rate in compar-
ison with the Ti 6Al 4V alloy at 800ºC and lower temperatures dur-
ing cyclic oxidation [41]. The oxidation kinetics followed para
bolic relations at 700ºC and 800ºC during the isothermal oxidation
[34]. The addition of Ni, Si, and Cr in the aluminide bath formed a dif-
fusion barrier and prolonged the lifetime of the protective aluminides
[30].
Although multielement diffusion coatings have been reported for
other elements/substrate systems, to our knowledge no Mo-Al treat-
ment has been reported on titanium alloys produced by powder metal-
lurgy (PM) methods. In addition, it is unclear how the different pow-
der mixture compositions, temperatures and times of treatment influ-
ence the type, nature and quality of the final Mo-Al coatings. Fur-
thermore, the differences in the microstructure and surface porosity
characteristics of PM titanium and titanium alloys compared to that
of wrought titanium alloys will influence the obtained coating. In this
work we present the results of Mo-Al co-deposition treatments on tita-
nium and Ti-6Al-4V alloy produced by powder metallurgy compared
to wrought alloy. Thermodynamic analysis using Thermocalc com-
puter software program is used in an effort to better understand the
thermodynamics of the deposition process.
2. Materials and methods
2.1. Target materials
The composition of the substrates was pure titanium and the
Ti-6Al-4V alloy (Ti 6 wt% Al 4 wt% V). Conventional powder
metallurgy processing was used for manufacturing of the substrates
and details of the process can be found elsewhere [42]. Green com-
pacts with a diameter of 16 mm and 3 mm in thickness were obtained
in a uniaxial die under a pressure of 600 MPa, employing zinc stearate
as wall-die lubricant. The substrates were subsequently sintered under
high vacuum (10-5 mbar) at 1200 °C for 2 hours. In addition, substrates
made of wrought laminated titanium alloy with dimensions of about
10x15x1 mm and composition Ti 6 wt% Al 4 wt% V (Ti-6Al-4V)
and were also used. Prior to the coating experiments, samples were
cleaned ultrasonically in alcohol, followed by drying and weighing.
2.2. Thermodynamic calculations
Thermodynamic software Thernocalc [43] in combination with
SSUB4 Substances database version 4 (Scientific Group Thermodata
Europe) was utilized for performing thermodynamic equilibrium stud-
ies.
2.3. Coating procedure
Preparation of the pack powder mixtures was carried out by weigh-
ing and mixing correct amounts of powders of metal donor, inert filler
material and halide salts (activators). Homogenization of the powder
mixture was performed prior to the treatment by mixing for 1 hour
in a Turbula® multidirectional mixer. The activator used was NH4Cl.
The metal donors used were Mo and Al, and Al2O3 was used as inert
filler. The pack mixture was placed in an alumina crucible and the sub-
strates were inserted in the pack mixture. The crucible was introduced
in the interior of a semi-airtight refractory metal container that had a
separate gas entry and gas exit orifices as well as a thermocouple for
controlling the temperature. The box was placed inside a muffle type
furnace. The pack was purged with argon prior to the treatment and
subsequently the temperature was increased to 100oC and held there
for 1h to remove moisture. Subsequently, temperature was increased
to the final coating temperature of 1000oC and was held for 6h. During
all heating steps a heating rate of 10°
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C/min was employed. The argon gas flow was continuous through-
out the whole heating cycle and cooling cycle. Cooling to room tem-
perature was performed at its natural rate by turning off power sup-
ply. In order to avoid oxidising, oxygen-getters consisting of porous
samples of pure titanium were placed in the crucible to react with
any oxygen present. Diffusion experiments of Mo onto titanium and
Ti-6Al-4V substrate were performed by preparation of acetone-based
slurries with Mo powder which were applied onto the substrates. The
substrates were subsequently heated with a heating and cooling rate
of 10°C/min in a vacuum furnace (10-5 bar) up to a temperature of
1100°C and held for 3h.
2.4. Characterisation techniques
Characterization of the deposited layer was performed by exam-
ining the cross-section of coated samples by scanning electron mi-
croscopy (SEM, Philips XL 30) coupled with Energy Dispersive x-ray
Spectroscopy (EDS). A Cu layer was deposited by electrodeposition
to all samples before cutting in order to protect the deposited coatings
during metallographic preparation. For microstructural observation of
the cross-section samples were prepared by standard metallographic
techniques, consisting of grinding with SiC abrasive paper and polish-
ing with alumina. X-ray diffraction was performed on the surface of
coated samples prior to Cu coating application using a X-ray diffrac-
tometer (Philips X’Pert-MPD) with monochromatic Cu Kα radiation
in the 2θ range from 20 to 80 degrees using goniometer step of 0.005°.
3. Thermodynamic Calculations
In order to determine the optimum deposition conditions, it is nec-
essary to understand all the steps involved in the pack cementation
process which are as follows. Gaseous reactant species (precursors)
are formed by reaction of the activators with the metal donor con-
tained in the powder mixture. Upon reaching the heated sample, the
gas precursors are absorbed and react at the surface to deposit a stable
solid film of the elemental metal donor. Next, formation of the coat-
ing occurs by reaction-diffusion between the metal to be deposited and
the substrate. The recombination of the gaseous by-products and their
de-absorption into the gas phase also takes place. Diffusion in the gas
and/or solid phases rather than the surface reaction is thought to be
rate controlling [15,16,19,44 47].
Considering the steps involved the capacity of different metal
donors and activators to transfer from the packs and deposit onto the
substrates depends mainly on the amount/partial pressures of gas pre-
cursors that they generate within the packs at the coating temperature,
which, in turn, depends on compositions of powder mixtures.
With the objective to predict the gaseous species generated during
the during pack cementation for Mo deposition, thermodynamic cal-
culations were executed considering the effect of the variation of the
quantity of activator NH4Cl. For the calculations pure titanium was
taken as the substrate and 40 wt% Mo as the Mo supplier. Neither the
alloying elements of Ti-6Al-4V nor the inert Al2O3 filler were taken
into consideration for the thermodynamic calculation.
Firstly, the gas precursor partial pressure for deposition of Mo was
determined in order to determine the approximate amount of activator
needed. The predicted equilibrium gas composition for a pack mix-
ture consisting of 40 wt% Mo at 1000°C as a function of the NH4Cl
activator at atmospheric pressure is shown in Fig. 1a. Above about
2 wt% NH4Cl the partial pressure of gas species containing Mo in-
creases. The presence of Mo-containing gas species, which is a pre-
requisite for the deposition of Mo onto the substrate, seems to stabi
Fig. 1. a) Partial pressure of thermodynamically stable gases with respect to the amount
of NH4Cl present in a molybdenizing pack that contains 40wt% Mo at 1000°C b) Gas
precursor partial pressure for a pack composition containing Mo and Al metal donor and
3 wt% NH4Cl at 1000°C as a function of wt% of Al (the total amount of metal donor
Mo + Al was maintained at 40 wt%)
lize at around 3 wt % NH4Cl. Previous studies have stipulated that
Mo deposition in halide-activated pack cementation occurs due to
the formation and decomposition of MoCl3 and MoCl2 [21]. How-
ever the present thermodynamic calculations confirm the formation
of MoCl4 in greater quantities than MoCl3 and in addition the forma-
tion of MoCl5. All these chlorides possibly participate in the deposi-
tion of Mo onto the substrate. On the other hand, for all amounts of
NH4Cl a certain amount of Ti-containing gas precursors is also pre-
sent. Considering that Ti is a highly active element, this could indicate
that the NH4Cl partially reacts with the Ti substrate during the deposi-
tion process forming volatile species. Previous studies of coatings de-
posited by pack cementation onto Ti substrates have observed a sim-
ilar reactivity of the Ti substrate with the pack during the deposition
process [16].
Next the partial pressure of gas precursors for a mixture contain-
ing Mo and Al metal donors plus 3 wt% NH4Cl, as a function of alu-
minium content at 1000°C was determined (Fig. 1b). For the calcu-
lation the total amount of metal donors (Mo + Al) was maintained at
40 wt%. The objective was to establish the minimum amount of Al
needed in order to achieve simultaneous co-deposition of Mo and Al.
It is widely accepted [46,48 54] that for co-deposition of two ele-
ments simultaneously during pack cementation the partial pressure of
metal-containing gas precursors of each one of the metals to be de
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posited has to be similar. Considering the equilibrium partial pressures
and the gas species generated it can be observed that even with such a
high amount of Mo (35 wt%) the dominant gas species contain mainly
Al or Ti, even for as little as 5 wt % Al. Therefore it appears that
the limiting factor would be the generation of Mo-containing gas pre-
cursors, whereas Al deposition would probably be achieved with low
amounts of Al in the pack mixture.
The equilibrium phases that are thermodynamically expected to be
formed under the investigated deposition conditions were also by per-
forming thermodynamic calculations (Fig. 2). For this calculation the
presence of the titanium substrate was taken into consideration. The
alloying elements of Ti-6Al-4V were not considered in the calcula-
tion. For Mo deposition it was considered that the quantity of Ti de-
creases as the quantity of Mo increases, whereas for the co-deposi-
tion of Mo-Al it was considered that the amount of Ti increases as the
amount of Mo-Al decreases, maintaining the mass ratio of Mo:Al as
3:1. The phases likely to be formed on a titanium substrate at 1000°C
using a pack mixture containing 40 wt% Mo and 3 wt % NH4Cl ac-
tivator are: TiN and βTi in addition to Mo whereas when Mo and Al
are co-deposited using a pack mixture with 3 wt % NH4Cl the phases
of TiAl and AlN also appear to be stable. Out of the phases that ap-
pear to be stable the formation of TiN is of particular interest due to
the known wear-resistant properties of this phase.
In summary, from the thermodynamic calculations performed the
possible gas species that will favour Mo deposition can be identified
Fig. 2. a)Stable phases at 1000°C for a pack containing 3 wt% NH4Cl as a function
of amount of Titanium a) for Mo deposition b) for Mo-Al co-deposition (ratio of the
amount of Mo:Al
as well as the optimum conditions for pack deposition. For a pack mix-
ture at a temperature of 1000°C, containing 40 wt% Mo as a metal
donor and 3 wt% of NH4Cl as activator successful molybdenizing of
titanium would occur. The minimum amount of Al for co-deposition
of Al and Mo in a one-step process was estimated to be about 5 wt
% at 1000°C.The solid phases that are thermodynamically likely to be
formed where established: for Mo deposition βTi and TiN , and for
Mo and Al co-deposition βTi, TiN, TiAl and AlN.
4. Experimental Results and Discussion
4.1. Molybenizing of Ti and Ti-6Al-4V
The cross section and EDS micro analysis of the coatings deposited
on PM Ti, PM Ti-6Al-4V and wrought Ti-6Al-4V can be seen in Fig.
3. Several layers can be observed in all cases with similar character-
istics in each case. The outermost layer is a protective Cu layer de-
posited for protection during metallographic preparation. This is fol-
lowed by a thin continuous porous layer (layer 1), followed by a bright
internal layer (layer 2) and then and third layer with internal porosity
(layer 3). The results of EDS microanalysis, which are confirmed by
X-ray diffraction (Fig. 4), clearly indicate the existence of a TiN exter-
nal layer, some micropores (some Mo also was found in this layer) and
Mo deposited internally below the TiN layer. A diffusion zone was
detected at least up to 25 μ for Ti-6Al-4V substrates and up to about
50 μ for pure titanium substrate and internal pores were observed. The
porous layer that separated the diffusion zone from the substrate ap-
pears to be more pronounced in wrought Ti-6Al-4V and PM Ti. In ad-
dition more pronounced internal porosity is present in pure titanium
substrate. X-ray diffraction shown in Fig. 4 confirms the formation of
TiN as well as α + β titanium in all substrates. In addition peaks corre-
sponding to Mo and Al2O3 can be identified, the last one probably as
remains of the pack mixture.
For pure titanium β transus transformation temperature is around
882°C, whereas for Ti-6Al-4V is 996°C. For Ti-6Al-4V produced by
powder metallurgy β transus the temperature of has been found to be
906°C, most likely due to the in homogeneity of the starting powder
[55]. Therefore, at the deposition temperature the substrate will most
likely be in the β phase in all cases. The internal porosity and porous
layer formed could possibly be due to reaction of the titanium sub-
strate with NH4Cl to form titanium chlorides, as predicted by the ther-
modynamic equilibrium calculations. This could lead to attack of the
substrate by the NH4Cl and formation of the observed porosity. Simi-
lar results have been reported [16,42] and have also been related to the
halogen effect. In summary, similar characteristics are observed be-
tween Mo deposition in PM Ti-6Al-4V, wrought Ti-6Al-4V and PM
Ti. In all cases an internal molybdenum-rich layer is formed as well as
TiN, in agreement with thermodynamic calculations. There is an inner
porous layer, possibly formed due to the reaction of titanium substrate
with the NH4Cl activator.
Molybdenizing treatment of Ti alloys has been carried out us-
ing various methods including pack cementation and DGPA tech-
nique. When DGPA technique is used, usually a distinct Mo deposited
layer is observed, followed by a diffusing layer of similar thickness
[10,11,13,14]. In the limited number of studies where halide-acti-
vated pack cementation is used, the deposition layer contains rests of
the pack mixture and undiffused Mo and is followed by a diffusion
layer with isolated regions of high Mo content and a phase compo-
sition consisting of Mo → β → α″→α′ moving inwards from the sur-
face [21,22]. Even though similar morphologies are observed as com-
pared to the coatings in this study, the formation of TiN is not re
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Fig. 3. SEM images of cross section (BSE mode) and EDS analysis of deposition layers on substrates molybdenized at 1000°C for 6h in argon atmosphere using a pack with compo-
sition of 40%wt Mo, 3%wt NH4Cl: a) Ti-6Al-4V powder metallurgy substrate b) Ti-6Al-4V wrought substrate c) Titanium powder metallurgy substrate
ported. This confirms that presence of active N changes the deposition
mechanisms limiting Mo diffusion.
Regarding the possible mechanisms responsible for Mo deposition,
Table 1 shows reactions of the Mo-containing gas species with H2,
NH3 and Cl2 to form Mo. The gas species considered for the reac-
tions correspond to the species that have been calculated to be thermo-
dynamically stable at the deposition temperature, as shown in Fig. 1.
All of the reactions shown in Table 1 have a negative ΔG at the de-
position temperature, which is within the same order of magnitude in
all cases (per mole Mo(s)). This indicates that they are thermodynam-
ically favorable and spontaneous, and hence likely to lead to Mo de
position. Thermodynamic calculations also showed that Ti-containing
gas species are formed at the deposition temperature (Fig. 1). It is be-
lieved that these Ti-containing gas species are responsible for the de-
position of the TiN layer. The mechanism of deposition will involve
the reaction of the Ti-containing gas species to form TiNi. Possible re-
actions of the Ti-containing gas species with NH3, H2, and Cl2 to form
TiN are shown in Table 2. The reactions shown have negative ΔG at
the deposition temperature, and therefore are thermodynamically fa-
vorable and could be responsible for the formation of the TiN layer
observed.
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Fig. 4. X-Ray Diffraction diagram of substrates molybdenized at 1000°C for 6h in argon
atmosphere using a pack with composition of 40%wt Mo, 3%wt NH4Cl: a) Ti-6Al-4V
powder metallurgy substrate b) Ti-6Al-4V wrought substrate c) Titanium powder met-
allurgy substrate The identification of phases was according to the International Cen-
tre for Diffraction Data (ICDD) database: TiN (038-1420), Mo (042-1120), Al2O3
(042-1468)
To try to understand the formation mechanism of the inner Mo
layer and the effect of the activator, Mo was diffused into the sur-
face of both wrought pure titanium and wrought Ti-6Al-4V without
the activator. In order to ensure that both substrates were in the β
phase diffusion was carried out at 1100°c for 3h in vacuum atmos-
phere. The cross section of the samples after the diffusion heat treat-
ment is shown in Fig. 5. The outermost layers in both cases corre-
spond to Cu layer that was applied for protection of the substrate dur-
ing metallographic preparation. In the case of Ti-6Al-4V a Mo-rich
region about 5-10 μm in thickness is clearly distinguishable due to its
lighter colour in the outermost region of the substrate. This layer is
formed by α + β colonies of small lamellas. Below this region a ho-
mogeneous nearly-equiaxed α + β microstructure is observed, which
is followed by a more laminar α + β microstructure, characteristic of
the substrate material. EDS analysis reveals that the Mo is confined
mostly to the first β-rich layer near the outer surface, whereas the next
region only experiments a microstructural change consisting on the
formation of a α + β equiaxed region. In the pure Ti wrought sub-
strate, it appears that Mo diffusion has occurred to about 50-55 μm
forming a region of laminar α + β microstructure. The different Mo
diffusion mechanism is due to the composition of the substrate and
their characteristics like thermal conductivity and diffusivity, as well
as β-transus temperature. Considering that thermal conductivity of
Ti-6Al-4V alloy (6.6-6.8 W/mK) is about three times lower than that
of pure Ti (17-22 W/mK) [56], and β-transus temperature is higher for
Ti-6Al-4V alloy, it is possible that different heating and cooling rates
and therefore phase transformations are experienced during the exper-
iment for the alloy than the pure Ti substrate.
The presence of Al and V alloying elements has modified the
diffusion mechanism of Mo into titanium. Vanadium, like molybde-
num, is a beta stabilizer alloying element in titanium. The equivalent
amount of molybdenum, Moeq (wt%) which was calculated using the
Molchanova equation[56] considering both the Mo and V present in
the substrate (Fig. 5a) shows that, overall, a higher amount of beta sta-
bilizer elements exists in the Ti-6Al-4V, as compared to pure Ti, as
expected.
As a consequence, the outer regions of the Ti-6Al-4V will most
likely behave like beta or beta-metastable titanium alloys, whereas in
pure titanium the entire diffusion layer will remain in the composi-
tional range of α + β titanium alloys. In addition, it is worth noting that
in both cases the Mo-rich layer appears at the outer surface and no in-
ternal porosity is detected, which confirms that the TiN layer, the in-
ner Mo-rich layer and the porous layer are formed due to the presence
of the NH4Cl activator.
4.2. Molybdenizing-Aluminizing of powder metallurgy Ti-6Al-4V
Mo-Al co-deposition was carried out on PM Ti-6Al-4V substrates
using different amounts of Al and Mo metal donor in the pack com-
position (Fig. 6). Fig. 6a shows the cross section of the coating de-
posited using a pack composition containing 35 wt% Mo, 5 wt % Al
and 3 wt % NH4Cl at 1000°C for 6 h. It can be observed that be-
low the Cu protective layer the diffusion region has a thickness of ap-
proximately 30-40μm. The outermost layer of the coating (layer 1) is
a thin homogeneous layer of about 1-2 μm, that corresponds to TiN
as confirmed by both EDS and x-ray diffraction (Fig. 7a). Layer 2 in
Fig. 6a corresponds to an internal Mo-rich region that contains some
porosity. It appears that both during Mo deposition as the co-deposi-
tion of Mo-Al the Mo layer is present internally when NH4Cl is pre-
sent. This could have interesting implications in the properties, both
for wear resistance and for oxidation resistance where it could act as
diffusion barrier for Al outward diffusion. Moving towards the sub-
strate, decreasing amount of aluminium can be detected, correspond-
ing to the different Ti-Al intermetallics. X-ray diffraction shown in
Table 1
Reactions of main Mo-containing gas precursors with H2(g),NH3(g) and Cl2(g) to form Mo(s)
No Reaction
ΔH°(1000oC)
kJ
ΔS°(1000oC)
J/K
ΔCp°(1000oC)
J/K
ΔG°(1000oC)
kJ
1 MoCl3(g) + 3/2H2(g)? Mo(s ) + 3HCl(g) -9 35123 × 104 36 882 -0 49356 -1 40463 × 105
2 MoCl4(g) + 2H2(g)? Mo(s) + 4HCl(g) 9 51929 × 102 119 072 -7,60755 -1 50627 × 105
3 MoCl2(g) + H2(g)? Mo(s) + 2HCl(g) -2 96961 × 105 -29 3705 2 74023 -2 59572 × 105
4 MoCl5(g) + 5/2H2(g)? Mo(s) + 5H2(g) -3 66772 × 106 202 689 -15 0903 -2 94701 × 105
5 MoCl3 (g) + NH3(g)? Mo(s) + ½N2(g) + 3HCl(g) -3 74539 × 104 154 630 1 24027 -2 34298 × 105
6 3MoCl4 (g) + 4NH3(g)? 3Mo(s ) + 2N2(g) + 12HCl(g) 2 27089 × 105 828 209 -15 8873 -8 27220 × 105
7 3MoCl2(g) + 2NH3(g)? 3Mo(s)+ N2(g) + 6HCl(g) -7 78765 × 105 147 385 11 6884 -9 66386 × 105
8 MoCl2(g) + NH3(g)?3Mo(s)+½N2(g) + 3/2H(g) + Cl2(g) -5 11972 × 104 76 3941 7 33206 -1 48447 × 105
9 3MoCl5(g) + 5NH3(g)? 3Mo(s) + 5/2N2(g) + 15HCl(g) 1 70260 × 105 1196 81 -36 6018 -1 35328 × 105
10 MoCl3 (g) + Cl2(g) + 5/2H2 (g) ? Mo(s) + 5HCl(g) -2 83217 × 105 48 8655 -3 35155 -3 45423 × 105
11 MoCl4 (g) + Cl2(g) + 3H2 (g) ? Mo(s) + 6HCl(g) -1 88753 × 105 131 056 -10 4655 -3 55587 × 105
12 MoCl3 (g) + Cl2(g) + 2H2 (g) ? Mo(s) + 4HCl(g) -4 86666 × 105 -17 3871 -0 11776 -4 64532 × 105
13 MoCl3 (g) + Cl2(g) + 7/2H2 (g) ? Mo(s) + 7HCl(g) -2 26382 × 105 214 673 -17 9483 -4 99661 × 105
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Table 2
Reactions of main Ti-containing gas precursors with NH3(g) ,H2(g), and Cl2(g) to form
TiN(s)
No Reaction
ΔH°(1000oC)
kJ
ΔS°(1000oC)
J/K
ΔCp°(1000oC)
J/K
ΔG°(1000oC)
kJ
1 TiCl2(g) +
NH3(g)?
TiN(s ) + 3/
2H(g) + Cl2(g)
-5 48941 × 104 -6 63983 8 55697 -4 64416 ×
104
2 TiCl(g) +
NH3(g)?
TiN(s ) + 3/
2H(g) + ½
Cl2(g)
-4 19651 × 105 -65 9305 13 9413 -3 35722 ×
105
3 TiCl3(g) +
NH3(g)?
TiN(s ) +
3HCl(g)
-4 18913 × 104 76 5765 4 12750 -1 39373 ×
105
4 TiCl2(g) +
NH3(g)?
TiN(s ) +
2HCl(g) + ½
H2(g)
-2 44599 × 105 5 34362 5 69898 -2 51402 ×
105
5 TiCl(g) +
NH3(g)?
TiN(s ) +
HCl(g) +
H2(g)
-5 14504 × 105 -59 9388 12 5123 -4 38202 ×
105
6 Ti2Cl6(g) +
2NH3(g)?
2TiN(s ) +
6HCl(g)
1 14496 × 105 321 711 66 3004 -2 95043 ×
105
7 TiCl4(g) +
NH3(g)?
TiN(s ) +
3HCl(g) + ½
Cl2(g)
1 99538 × 105 163 741 3 05369 -8 90442 ×
105
8 TiCl4(g) +
NH3(g) + ½
H2(g)? TiN(s )
+ 4HCl(g)
1 04685 × 105 169 733 1 62469 -1 11384 ×
105
9 TiCl4(g) +
NH3(g) + ½
Cl2(g)? TiN(s
) + 3HCl(g)
-3 39452 × 105 11 3354 4 26998 -3 53882 ×
105
10 TiCl4(g) +
NH3(g) +
Cl2(g)? TiN(s
) + 3HCl(g)
-7 04209 × 105 -47 9553 9 65434 -6 43162 ×
105
Fig. 7a indicates, in addition to TiN, the presence of TiAl and of
Ti2AlN. Ti2AlN compound belongs to the Mn + 1AXn phase (where
n is 1, 2 or 3, M is an early transition metal, A is an A-group ele-
ment, and X is either C or N). This nitride displays a unique com-
bination of properties, including low density, high elastic modulus,
easy machinability, and excellent thermal shock resistance and dam-
age tolerance [57]. Czyrska-Filemonowicz et al. [58] demonstrated
that Ti2AlN formed on titanium alloy substrates during glow discharge
treatment, and that its presence improved biocompatibility, hardness
and wear resistance. Hence, the presence of this compound in the pre-
sent coating could also contribute to improvement of temperature and
wear resistance.
The formation of TiN and TiAl during Mo-Al co-deposition was
accurately predicted by the thermodynamic calculations. The pres-
ence of Ti2AlN, which was not predicted from the thermodynamic
calculations, confirms the importance of the increased reactivity of
Nitrogen with the Ti substrate, which has been previously observed
and reported in other thermochemical treatments on Ti alloys [16].
Different mechanisms can be proposed to explain its formation, the
most predominant being incorporation of N into the Ti-Al intermetal-
llic compounds formed as a result of aluminizing.
For a pack composition of 30 wt% Mo, 10 wt % Al and 3 wt %
NH4Cl (Fig. 6b) they outer TiN layer was not detected by EDS, how-
ever, TiN was clearly identified by XRD as the main phase present
(Fig. 7b) and therefore is most probably present in the outermost layer.
This layer is followed by Al-rich layers which, according to X-ray dif-
fraction and EDS, correspond to TiAl and Ti2AlN. An inner-Mo-rich
layer is present, which is discontinuous, due to the presence of less
amount of Mo in the pack composition. In addition X-ray reveals the
formation of AlN, which is not present in the coating deposited using
a pack composition containing a lower amount of Al (Fig. 7a). The
presence of AlN is in agreement with the thermodynamic calculations
that predict its formation for higher Al percentages.
4.3. Molybdenizing-Aluminizing of wrought Ti-6Al-4V
Fig. 8 shows the cross section of wrought Ti-6Al-4V substrates af-
ter Mo-Al co-deposition with pack compositions of 35%wt Mo, 5wt%
Al, 3%wt NH4Cl (Fig. 8a) and 30%wt Mo, 10wt% Al, 3%wt NH4Cl
((Fig. 8b), respectively. Similar characteristics can be observed in both
coatings. There is a thin TiN outer layer, followed by an Al-rich re-
gion that also contains N and then an inner Mo-rich layer. Decreas-
ing amount of Al and also N can be found moving inwards towards
the substrate. EDS analysis and X-ray diffraction (Fig. 9) confirm the
presence of TiN as well as mixed Ti-Al nitrides such as Ti2AlN and
Ti3AlN. In addition Ti3Al appears to be present. The presence of TiAl,
which was detected for PM Ti-6Al-4V substrates, is not observed.
So, it appears that wrought Ti-6Al-4V favours the formation of Ti-Al
mixed nitrides, over the formation of TiAl phase.
In order to understand the influence of the substrate on the phases
formed during the pack cementation process, the substrates were ex-
amined. Fig. 10 shows the microstructure of the two substrates. The
microstructure of the powder metallurgy substrate is much coarser
than the microstructure of the wrought substrate and in addition poros-
ity is present in the powder metallurgy substrate. Therefore it appears
that grain size and porosity have an effect on the phases that are most
likely to be formed.
4.4. Molybdenizing-Aluminizing of powder metallurgy Ti
The cross-sections of the powder metallurgy pure titanium sub-
strates after Mo-Al co-deposition are shown in Fig. 11. In these sam-
ples the Mo-rich inner layer observed in all the previous cases is not
visible in the cross-section and Mo diffusion was not detected by EDS
analysis. The cross section shows decreasing amount of Al moving
from the outer surface towards the substrate as well as the presence
of N. The presence of titanium aluminides (TiAl, Ti3Al), mixed Ti-
Al nitride (Ti2AlN) and a small amount of TiN is confirmed by X-ray
diffraction (see Fig. 12). No Mo diffusion is observed for pure tita-
nium during Mo-Al co-deposition by pack cementation, as opposed to
both PM and wrought Ti-6Al-4V substrates. It appears that the pres-
ence of Al and V alloying elements in the substrate favours Mo depo-
sition during pack cementation. Thermodynamic calculations and ex-
perimental studies give evidence indicating that it is easy to deposit
Al onto titanium substrates, whereas simultaneous diffusion of Mo is
more difficult to achieve. (See Fig. 12.)
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Fig. 5. SEM images of cross section (BSE mode) of wrought substrates with Mo surface diffusion at 1100°C for 3 hours in vacuum without activator a)Ti-6Al-4V b) Ti
5. Conclusions
Successful molybdenizing and molybdenizing aluminizing of
wrought and powder metallurgy Ti-6Al-4V substrates was achieved
in a one-step process, using pack cementation with NH4Cl as activa-
tor. Thermodynamic calculations were used in order to define the op-
timum deposition conditions and predict the phases that were likely
to form. Molybdenizing in a powder mixture containing 3wt%NH4Cl
activator at 1000oC leads to the formation of a uniform thin external
TiN and in the interior a Mo diffused layer on both Ti and Ti-6Al-4V
powder metallurgy and wrought Ti-6Al-4V substrates. It was con-
firmed both experimentally and by thermodynamic calculations that
the formation of the TiN layer and some internal porosity can be
explained by the reaction of the NH4Cl activator with the titanium
substrate, forming volatile gas species. Simultaneous deposition of
Mo and Al on powder metallurgy Ti-6Al-4V can be achieved with
a pack composition containing 5wt% Al-35wt%Mo, as metal donors
and 3wt%NH4Cl activator. The coating consists of an internal Mo-rich
layer as well and TiN, TiAl and Ti2AlN. Increasing the amount of Al
leads to the formation of AlN, in agreement with thermodynamic cal
culations. Wrought Ti-6Al-4V substrates also formed an inner Mo-
rich layer and TiN, however the formation of Ti-Al mixed nitrides
(Ti2AlN, Ti3AlN) instead of the formation of TiAl phase was ob-
served. The difference in the phases formed is attributed to the dif-
ferent microstructure of the substrates: powder metallurgy substrates
have courser grain size and some porosity present. No diffusion of Mo
was observed onto pure Ti powder metallurgy substrate, during Mo-
Al co-deposition with NH4Cl activator, using similar pack composi-
tions as for Ti-6Al-4V substrates. Therefore it can be concluded that
the presence of Al and V alloying elements modifies the diffusion of
Mo into the substrate during Mo-Al co-deposition by pack cementa-
tion.
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Fig. 6. SEM images of cross section (BSE mode) and EDS analysis of powder metallurgy Ti-6Al-4V substrates molybdenized-aluminized at 1000°C for 6h in argon atmosphere
using a pack with composition of a) 35%wt Mo, 5wt% Al, 3%wt NH4Cl b) 30%wt Mo, 10wt% Al, 3%wt NH4Cl
Fig. 7. X-Ray Diffraction diagram of powder metallurgy Ti-6Al-4V substrates molyb-
denized-aluminized at 1000°C for 6h in argon atmosphere using a pack with composi-
tion of a) 35%wt Mo, 5wt% Al, 3%wt NH4Cl b) 30%wt Mo, 10wt% Al, 3%wt NH4Cl
The identification of phases was according to the International Centre for Diffraction
Data (ICDD) database: TiAl (03-065-0428), (TiN (038-1420), Ti2AlN (03-065-3496),
Mo (042-1120), AlN (01-079-2497)
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Fig. 8. SEM images of cross section (BSE mode) and EDS analysis of wrought Ti-6Al-4V substrates molybdenized-aluminized at 1000°C for 6h in argon atmosphere using a pack
with composition of a) 35%wt Mo, 5wt% Al, 3%wt NH4Cl b) 30%wt Mo, 10wt% Al, 3%wt NH4Cl
Fig. 9. X-Ray Diffraction diagram of wrought Ti-6Al-4V substrates molybdenized-alu-
minized at 1000°C for 6h in argon atmosphere using a pack with composition of a)
35%wt Mo, 5wt% Al, 3%wt NH4Cl b) 30%wt Mo, 10wt% Al, 3%wt NH4Cl The identi-
fication of phases was according to the International Centre for Diffraction Data (ICDD)
database: Ti3Al (052-0859), TiN (038-1420), Ti2AlN (03-065-3496), Mo (042-1120),
Ti3AlN (037-1140)
10
Fig. 10. Microstructure (SEM, BSE mode) of the substrates a) powder metallurgy
Ti-6Al-4V, b) wrought Ti-6Al-4V
11
Fig. 11. SEM images of cross section (BSE mode) and EDS analysis of powder metallurgy Titanium substrates molybdenized-aluminized at 1000°C for 6h in argon atmosphere using
a pack with composition of a) 35%wt Mo, 5wt% Al, 3%wt NH4Cl b) 30%wt Mo, 10wt% Al, 3%wt NH4Cl
Fig. 12. X-Ray Diffraction diagram of powder metallurgy Ti substrates molybdenized-
aluminized at 1000°C for 6h in argon atmosphere using a pack with composition of
a) 35%wt Mo, 5wt% Al, 3%wt NH4Cl b) 30%wt Mo, 10wt% Al, 3%wt NH4Cl The
identification of phases was according to the International Centre for Diffraction Data
(ICDD) database: TiAl (03-065-0428),Ti2AlN (03-065-3496), Ti3Al (052-0859), TiN
(038-1420)
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